Abstract
Background
The increasing prevalence of obesity represents a major public health concern, as it is associated with an increased risk of several chronic diseases, including cardiovascular disease (CVD). Several reports have suggested that exposure to whole body and abdominal obesity could influence cognitive function and risk of dementia, although results are conflicting and limited to older cohorts [1] [2] [3] [4] [5] [6] [7] . A recent study found that gene variants associated with greater body mass index (BMI) are also related to lower cognitive function [8] , supporting the hypothesis that shared biological pathways could increase the risk of obesity and cognitive dysfunction. However, whether the association of obesity with cognitive outcomes is related to the cumulative burden of exposure or vulnerability to the effects of rapid changes of whole body or abdominal fat at specific stages of adulthood remains unclear.
Several factors could account for the association between amount and distribution of body fat and reduced cognitive function. A lifetime exposure to obesity is associated with the acquisition of an adverse cardiovascular phenotype. Carotid-to-femoral pulse wave velocity (PWV) and common carotid artery intima-media thickness (cIMT) are validated surrogate markers of arterial stiffness and atherosclerotic CVD [9, 10] , and are known to be affected by exposure to whole body and abdominal obesity [11] [12] [13] [14] . In turn, increased cIMT and PWV are associated with lower cognitive performance [15] [16] [17] [18] [19] [20] and with a higher burden and rate of deposition of β-amyloid in the brain [21, 22] . Therefore, an altered vascular phenotype identified by greater cIMT or PWV could contribute to the association between adiposity and cognitive performance, but this has not been studied.
The MRC National Survey of Health and Development (NSHD, also known as the 1946 British Birth Cohort) is the oldest of the British Birth Cohort studies [23] , and is unique in providing measures of BMI and waist circumference (WC) across the entire life course, together with a characterisation of vascular phenotypes, cardiovascular risk factors and cognitive function at 60-64 years. Using this population, we have previously explored the impact of BMI and its change over time on cognitive function at the age of 53 years [24] . We now extend this work to investigate whether central adiposity has an effect over and above the effect of general adiposity on cognitive function at 60-64 years of age. We also assess whether rapid changes of BMI or WC over different periods of adult life can have a specific influence on cognitive function at 60-64 years of age. Finally, we explored what proportion, if any, of the association between adult patterns of adiposity and cognitive function could be explained by acquisition of an adverse cardiovascular phenotype.
Methods

Population
The MRC NSHD is a nationally representative sample of 5362 singleton births to married parents in England, Scotland and Wales, stratified by social class, during 1 week in March 1946 [25, 26] . The cohort has been followed-up 23 times from birth to age 69 years. The present study is based on the 1249 (74%) of 1690 participants who had adiposity measures, vascular phenotype and cognitive data at 60-64 years with a BMI > 18.5 kg/m 2 . Further details on the sample invited at the 60-64 years assessment are provided in Additional file 1.
Cognitive assessment
Cognitive function was assessed at age 60-64 years using a validated verbal memory test, a letter search speed test and two reaction time tests (simple reaction time, choice reaction time) [24] . Details of each cognitive test are provided in Additional file 1.
Adiposity measures
Weight, height and WC were measured during adulthood at ages 36 [27] . Participants in the classes defined as increased and substantially increased risk were combined into an elevated WC group.
Vascular phenotypes
At age 60-64 years, PWV and cIMT were measured using validated devices and following standard protocols [28, 29] , as reported in Additional file 1.
Covariates
Covariates were either selected a priori or were those variables that were associated with cognitive measures in univariable models. These included level of education, childhood cognition, socioeconomic position, heart rate, systolic blood pressure, smoking, diabetes and its duration, total cholesterol, and levels of physical activity. Methods used for their assessment are reported in Additional file 1.
Statistical analysis
Mean (standard deviation), or median (IQR) for skewed variables, were used to describe continuous variables and percentages for binary variables. We tested for effect modification by sex of obesity indices on cognitive outcomes by introducing relevant interaction terms (BMI*sex) in multivariable regression models. Level of statistical significance for interaction terms was set at 0.1 and, when a significant interaction was found, results were stratified by sex. We fitted a series of linear multivariable regression models to establish the associations between (1) BMI at 60-64 years, (2) patterns of overweight/obesity, and (3) conditional change in BMI from 36 to 43, 43 to 53, and 53 to 60-64 with each cognitive outcome and with each vascular phenotype (PWV, cIMT). In each model, inverse probability weighting was implemented to account for dropout due to death. The models were sequentially adjusted for covariates: MODEL 1 adjusted for sex, education and childhood cognition; MODEL 2 = MODEL 1 + socioeconomic position at 53 years, systolic blood pressure and heart rate at age 60-64; MODEL 3 (fully adjusted) = MODEL 2 + total cholesterol, smoking, diabetes and levels of physical activity at 60-64 years. In analyses exploring the association between patterns or conditional changes of BMI with cognitive outcomes (2 and 3), MODEL 3 was further adjusted for duration of diabetes. We also tested for effect modification by socioeconomic position and education levels of the association between BMI changes and cognitive outcomes. All multivariable regression models of cognitive outcomes on cross-sectional measures or longitudinal patterns of BMI were further adjusted for PWV and, separately, cIMT to explore what proportion of these associations could be explained by cardiovascular phenotype. Each analysis was repeated using WC rather than BMI as the exposure. To assess whether central adiposity had an effect over and above the effect of general adiposity, each crosssectional and longitudinal analysis was repeated including BMI and WC in the same models. Further details on the statistical methods are reported in Additional file 1. Statistical analyses were performed using Stata 13.1.
Results Table 1 reports the characteristics of the total sample used in these analyses (n = 1249) as well as the differences between groups of normal weight, overweight and obese at 60-64 years old. We have previously reported that the sample attending the clinical research facility showed some differences in characteristics compared with those not attending [30] .
Cross-sectional analysis Association of BMI and WC with cognitive function at 60-64 years
We did not find any significant effect modification of obesity indices on cognitive outcomes by sex, apart from the letter search speed test. In models adjusted for sex, education and childhood cognition, BMI was positively associated with cIMT (regression coefficient (β) = 0. 003 mm per kg/m 2 ; 95% confidence interval (CI) 0.001 to 0.005; p = 0.01) and PWV (β = 0.040 m/sec per kg/m 2 ; 95% CI 0.012 to 0.068; p = 0.005) ( Table 2 ). The association of BMI with cIMT remained significant in the fully adjusted model, while that with PWV was attenuated in MODEL 2 and further reduced in the final model ( Table 2) . A higher BMI was associated with a lower performance on the verbal memory test (β = −0.195 number of words per kg/m 2 ; 95% CI -0.274 to −0.116; p < 0.001) and the letter search speed test (β = −0.005 number of targets hit per kg/m 2 ; 95% CI -0.010 to −0.001; p = 0.018). When stratified by sex, the association between higher BMI and lower letter search speed test performance was stronger in females than in males (Additional file 1: Table S1 ). These associations remained significant in the fully adjusted models. No associations were observed between BMI and choice reaction time or simple reaction time (Table 2) . Additional file 1: Table S2 reports the associations between WC and the vascular and cognitive measures at 60-64 years. WC was associated with vascular phenotypes, verbal memory test performance and, differently from BMI, with choice reaction time, but not with performance in the letter search speed test. When BMI and WC were included in the same model, the associations of both with performance in the verbal memory test and letter search speed test were strongly attenuated, suggesting that the two measures of adiposity provided similar information. In turn, WC remained significantly associated with choice reaction time after adjustment for BMI (β = 6.73; 95% CI 1.32 to 12.1; p = 0.015).
Associations of cardiovascular risk factors/phenotypes with cognitive function at 60-64 years
Associations between cardiovascular risk factors and each cognitive outcome are reported in Additional file 1: Table S3 . Higher PWV was associated with a lower performance in the verbal memory test (β = −0.355 number of words per m/s; 95% CI -0.616 to −0.095; p = 0.008), with the strength of this association attenuated in MODEL 3, while no association was found between cIMT and verbal memory test performance ( Table 3) . The letter search speed and both reaction time tests were not associated with any vascular phenotype. Substitution of pulse pressure for systolic blood pressure in MODELS 2 and 3 did not affect the association between PWV and verbal memory test. As PWV was associated with both BMI and memory function, we tested whether the association between BMI and verbal memory test performance was attenuated by PWV, suggesting that PWV may be a mediator of the association between adiposity and memory performance. 
Longitudinal analysis
Association of patterns of cumulative exposure to overweight or obesity and elevated WC in adulthood with cognitive function
From age 36 to 60-64 years, the prevalence of overweight/obesity increased from 29% to 69%. Of 1021 participants with vascular phenotypes at 60-64 years and complete BMI records at all ages, 141 (14%) had a reduction in BMI category during 27 years of follow-up; 78 (8%) subsequently regained weight, leaving 63 (6%) with stable weight reduction. Earlier onset of overweight/obesity was associated with a worse cardiometabolic profile and higher PWV and cIMT Values are presented as mean ± standard deviation, N (%) or a median (IQR). Comparisons between normal weight, overweight and obese groups were performed by test for trend using linear regression Numbers in italic indicate statistical significance SBP systolic blood pressure, DBP diastolic blood pressure, cIMT common carotid artery intima-media thickness, PWV pulse wave velocity, VMT verbal memory test, LSST letter search speed test, C-RT choice reaction time test, S-RT simple reaction time test (Additional file 1: Table S4 ). There was a graded relationship between increasing length of time being overweight/obese and decreasing verbal memory test performance (β = −0.752 words per category of increasing length of time overweight/obese; 95% CI -1.157 to −0. 346; p for trend < 0.001). Individuals who were classified as overweight/obese at age 36 years recalled 2.3 (95% CI −3.5 to −1.1) fewer words compared to those who were always normal (Fig. 1a) . Participants who were able to drop one BMI category and maintain a lower BMI had a similar verbal memory test performance to those who had never been overweight or obese. Conversely, those who dropped one BMI category but who subsequently moved up a category had a verbal memory test score similar to those with onset of overweight/obesity at 36 years old. There was no association between patterns of overweight/obesity and letter search, simple and choice reaction time tests (Additional file 1: Figures S1 and S2) .
Full adjustment for cardiovascular risk factors (MODEL 3) only slightly reduced the association between increased duration of overweight/obesity exposure and verbal memory test (β = −0.666 words per category of increasing length of time being overweight/obese; 95% CI -1.119 to −0.213; p for trend = 0.004). Further adjustment of this association by PWV resulted in a 0.9% change in the β coefficient (β = −0.672 words per category Linear regression models were used to assess associations between variables MODEL 1 adjusted for sex, education, childhood cognition; MODEL 2 = MODEL 1 + adjustments for socioeconomic position at age 53, systolic blood pressure and heart rate at age 60-64; MODEL 3 (fully adjusted) = MODEL 2 + adjustments for total cholesterol, smoking, diabetes and levels of physical activity. In each model, inverse probability weighting was implemented to account for the probability of survival until the end of follow-up Numbers in italics indicate statistical significance cIMT common carotid artery intima-media thickness, PWV pulse wave velocity, VMT verbal memory test, LSST letter search speed test, RT reaction time test a Indicates log transformed dependent variables Table 3 Cross-sectional associations of carotid intima-media thickness and pulse wave velocity with verbal memory test, letter search speed and reaction time at 60-64 years Linear regression models were used to assess associations between variables cIMT common carotid artery intima-media thickness, PWV pulse wave velocity, VMT verbal memory test, LSST letter search speed test, C-RT choice reaction time test, S-RT simple reaction time test MODEL 1 adjusted for sex, education and childhood cognition; MODEL 2 = MODEL 1 + adjustments for socioeconomic position at age 53, systolic blood pressure and heart rate at age 60-64; MODEL 3 (fully adjusted) = MODEL 2 + adjustments for total cholesterol, smoking, diabetes and levels of physical activity. In each model, inverse probability weighting was implemented to account for the probability of survival until the end of follow-up a Indicates log transformed dependent variables Numbers in italics indicate statistical significance of increasing length of time being overweight/obese; 95% CI -1.125 to −0.220; p for trend = 0.0037), and a 6.9% change of the β coefficient was observed when the same association was adjusted for cIMT (β = −0.620 words per category of increasing length of time being overweight/ obese; 95% CI -1.176 to −0.063; p for trend = 0.029).
When added to the model, the interaction between medication use and overweight/obese groups was not significant, and exclusion of participants with previous CVD history did not substantially affect results. Analyses were repeated using patterns of WC in place of BMI. Similar to findings for BMI, longer exposure to . Adjustment for cardiovascular risk factors, PWV and cIMT did not affect these differences. b Patterns of waist circumference (WC) change and performance in the verbal memory test (VMT) at age 60-64 years. Data points represent mean number of words recalled and vertical bars indicate 95% CI for each group. HiWC@36, HiWC@43, HiWC@53 and HiWC@60-64 = elevated WC since 36, 43, 53 and 60-64 years old, respectively; Never HiWC = WC always normal; Lost/Non-regain = dropped and did not regain one category of WC; Lost/Regain = dropped and regained one category of WC. Results are adjusted for sex, childhood cognition and education, and inverse probability weighting was implemented to account for the probability of survival until the end of follow-up. Test for trend for HiWC@36 to HiWC@60-64: p < 0.001. Adjustment for cardiovascular risk factors, PWV and cIMT did not affect these differences elevated WC was associated with a worse cardiometabolic profile and higher PWV and cIMT (Additional file 1: Table S5 ). Greater length of time with elevated WC was associated with decreases in verbal memory test score, so that those with elevated WC from age 36 years had the lowest mean scores (β = −0.980 words per category of increasing length of exposure to elevated WC; 95% CI -1.424 to −0.536; p for trend < 0.001) (Fig. 1b) ; this association remained in the fully adjusted model (β = −1.051; 95% CIs −1.532 to −0.571, p for trend < 0.001). Individuals who were able to drop and not regain one category of WC had a similar memory performance as the group who always had a normal WC. Further adjustment of MODEL 3 for PWV resulted in a 0.8% decrease in the regression coefficient (β = −1.043 words per category of increasing length of exposure to elevated WC; 95% CIs −1.529 to −0.556; p for trend < 0.001) and a 13.8% decrease was observed when the same association was adjusted for cIMT (β = −0.906 words per category of increasing length of exposure to elevated WC; 95% CI -1.508 to −0.304; p for trend = 0.003). No clear trends were observed for the associations between categories of WC and letter search speed or simple reaction time tests (Additional file 1: Figures S3 and S4A ). For choice reaction time, participants with high WC at 53 years and before had slower times than those with raised WC at 60-64 and those never having had a raised WC (β = 14.115 words per category of increasing length of exposure to elevated WC; 95% CI 6.453 to 21.776; p for trend = 0.003) (Additional file 1: Figure S4B ).
When both BMI and WC were included in the same fully adjusted model, the linear trend across categories of exposure to elevated WC for verbal memory test (β = −0.871 per change in WC category; 95% CI −1.720 to −0.024, p for trend = 0.044) and choice reaction time test (β = 14.087 per change in WC category; 95% CI 3. 300 to 24.873; p for trend = 0.011) remained significant, while the association between categories of BMI and verbal memory test score was considerably reduced and no longer significant (β = −0.257 per change in BMI category; 95% CI -0.979 to 0.465, p = 0.485).
Association of BMI and WC gains in adulthood with cognitive function
A faster increase in BMI between 53 to 60-64 years was related to lower verbal memory test score at age 60-64 (Additional file 1: Figure S5A ), but this association was attenuated in MODELS 2 and 3 (Table 4) . A greater BMI increase between 36 and 43 years was related to lower log (letter search speed) at age 60-64 (Additional file 1: Figure S5B ). This association remained highly significant in the fully adjusted model (Table 4) , and was stronger in females than in males (Additional file 1: Table   S8 and Figure S6S ). Evidence of effect modification by social class was observed for the association between BMI change from 36 to 43 years and choice reaction time, such that this association was stronger in those from more advantaged social classes (Additional file 1: Table S9) .
A greater increase in WC between 36 and 43 years was associated with poorer performance in all cognitive tests at 60-64 years ( Fig. 2a-d) . The progressive adjustments from MODEL 1 to MODEL 3 minimally attenuated the strength of these associations ( Table 5) . As for BMI, a faster increase in WC between 53 to 60-64 years was related to lower verbal memory test score at age 60-64, but this association was attenuated in MODEL 3 ( Table 5 ). There was no evidence of effect modification by socioeconomic position or education level of the association between WC increase and cognitive outcomes.
When changes of BMI and WC were included in the same fully adjusted model, faster WC gain between 36 and 43 years remained significantly associated with choice reaction time (β = 8.664; 95% CI 2.054 to 15.275; p = 0.010), and a weaker association was observed with verbal memory test performance (β = −0.530; 95% CI -1. 116 to 0.050; p = 0.070). In contrast, the association between gain of WC at 36-43 years with letter search speed as well as between gain of BMI at 36-43 and letter search speed became non-significant.
Discussion
This study shows that different patterns of whole body and abdominal obesity are associated with cognitive function at 60-64 years. Cumulative exposure to elevated BMI and WC over 30 years was related to poorer memory function at 60-64 years. We identified a sensitive period in early adulthood when a faster gain of BMI and WC might have a greater impact on cognitive capacities in late midlife compared to weight gain in other periods, and show that patterns of cumulative exposure or rapid changes in WC remain associated with cognition even after adjustment for BMI. Finally, we found that the relationships between patterns of adiposity and cognitive function were not explained by CVD risk factors and vascular phenotypes. The process of neurodegeneration leading to cognitive decline and dementia is complex and likely to result from the interaction of multiple factors. Our findings support the adoption of early interventions based on the prevention of central and whole body obesity as possible measures to reduce the burden of cognitive decline in the general population.
The negative association between measures of abdominal and whole body obesity with cognitive function observed in our survey is supported by previous epidemiological and genetic studies [3, 4, 7, 8, 31, 32] . However, only limited data are available on the potential influence of adult patterns of BMI on cognition. Using data from the NSHD cohort, Albanese et al. [24] documented that weight gain during specific periods of life is associated with cognitive capacities at 53 years, although this association was attenuated by socioeconomic position and childhood cognitive capacities. Because our analyses use cognitive function and adiposity measures from a later assessment, comparisons are difficult to make. Albanese et al. [24] also reported results stratified by sex, as significant sex × BMI interactions were identified. In our sample, we found no evidence of effect modification by sex. Our results are broadly consistent with those obtained in the Whitehall II study by Sabia et al. [7] , where a dose-response relationship was identified between longer exposure to obesity and lower cognitive function at 60 years old. Similarly, we also provide information on the importance of patterns of WC in addition to BMI for cognition, as well as on the different impact of rapid weight gain at different age of adult life on later cognition. Previous studies exploring the relationship between indices of central adiposity and cognitive function are based on samples of older adults (65+) [6, 33] , were cross-sectional [2, [34] [35] [36] or had small sample sizes [37] . We are the first to report the influence of cumulative exposure to elevated WC and of rapid changes of WC during adulthood on different cognitive outcomes, and to show that patterns of WC in adulthood could provide additional information in predicting late midlife cognitive functions than patterns of BMI.
In cross-sectional and longitudinal analyses, adjustment for PWV or cIMT had little effect on the relationship between adult patterns of BMI or WC and verbal memory test performance. The influence of cardiovascular factors on the association between whole body and abdominal obesity with cognitive function has been previously explored, albeit with conflicting results [2, 38, 39] . In these studies, cardiovascular risk factors were measured only at a single point, and no measures of subclinical CVD were available. As cIMT and PWV are recognised markers of end-organ damage and reflect the lifetime burden of cardiovascular risk factor exposure, the minimal attenuation of the association between patterns of WC and BMI with memory function after adjustment for PWV and cIMT suggests that obesity and vascular factors might affect cognitive function by different mechanisms and should be treated early and concomitantly to reduce the risk of cognitive impairment. This is supported by results of recent clinical trials, wherein multidomain interventions have been indicated as those likely to represent the most effective strategies to improve cognitive function in overweight populations [40] . Indicates log transformed dependent variables. MODEL 1 adjusted for sex, education and childhood cognition; MODEL 2 = MODEL 1 + adjustments for socioeconomic position at age 53, systolic blood pressure and heart rate at age 60-64; MODEL 3 (fully adjusted) = MODEL 2 + adjustments for total cholesterol, smoking, diabetes, diabetes duration and levels of physical activity. In each model, inverse probability weighting was implemented to account for dropout due to death VMT verbal memory test, LSST letter search speed test, S-RT simple reaction time test, C-RT choice reaction time
Our study has several strengths. The NSHD is the longest-running longitudinal study in the UK, with multiple measures of height, weight and WC available at different ages. It includes individuals without cognitive impairment and is generally representative of the British-born population of similar age. The availability of multiple vascular and cognitive measures enabled exploration of the association between different vascular phenotypes and a wide range of cognitive domains in late mid-life, with appropriate adjustment for environmental and behavioural factors.
Nevertheless, the study also has limitations. First, we examined associations in an observational study and therefore cannot reliably assign causality. Second, the outcome of our analysis was cognitive function and more studies are necessary to test the relevance of our findings against the risk of dementia. Third, attrition is unavoidable in long-running studies such as NSHD, but previous analyses have shown that the samples at 53 and 60-64 years remained broadly representative of the British-born population of that age. Finally, the results in relation to the groups who achieve a stable weight reduction should be interpreted with caution, as only a limited number of participants had sustained weight loss/re-gain during follow-up.
Conclusion
Increasing cumulative exposure to elevated BMI and WC in adulthood is associated with lower memory function at 60-64 years, and a rapid gain of WC across the third and fourth decades is associated with a global reduction of cognitive capacities in later life. Cardiovascular risk factors and vascular phenotypes are unlikely to account for these associations. Our findings suggest that lifelong prevention of whole body and abdominal obesity, particularly in early midlife, might represent the most effective strategy to prevent the burden of cognitive decline attributable to obesity in the general population. Availability of data and materials NSHD data are made available to bona fide researchers who submit data requests to mrclha.swiftinfo@ucl.ac.uk; see also the full policy documents at http://www.nshd.mrc.ac.uk/data.aspx. https://doi.org/10.5522/NSHD/Q101; https://doi.org/10.5522/NSHD/Q102; https://doi.org/10.5522/NSHD/S102A.
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